Abstract
Maintaining high incident light absorption while minimizing luminescence reabsorption is a key challenge for organic luminescent solar concentrators (LSCs). Energy migration and trapping using light harvesting donors and a low energy highly emitting acceptor is one strategy to reduce the reabsorption issue. However, concentration quenching and the potential formation of quenching aggregates is a limiting factor in realizing efficient devices. We describe the synthesis of a novel molecularly insulated perylene diimide that can resist luminescence quenching at concentrations in excess of 50 mM. Photophysical measurements show the insulated perylene diimide has an excitation energy migration diffusion length of 230  10 Å at 60 mM in poly (methyl methacrylate). LSC devices using a mixture of the insulated perylene diimide light absorber and perylene red (LR305) as the low energy trap emitter, exhibit reduced reabsorption and a better current output than LR305 only devices. The results demonstrate that appropriately designed organic molecule dyes can potentially meet the stringent requirements required for efficient LSCs.
Stationary light concentration without external cooling can be realized using luminescent solar concentrators (LSCs), making these devices attractive for building integrated photovoltaic devices. A typical LSC consists of large sheets of plastic or glass containing luminescent molecules that absorb the solar spectrum and then re-emit the absorbed energy into a waveguide mode that directs the luminescence to the thin edges of the concentrator. Edge-mounted solar cells can then harvest the concentrated luminescence for photoelectric conversion. Reabsorption of the emitted light in the waveguide limits the achievable light concentration contributing to parasitic losses such as re-emission into the escape cone or non-unity fluorescence quantum efficiency due to competing non-radiative processes. Separation of both the energy of the peak maxima of absorption and emission (the Stokes shift) and tail absorption of the chromophores in an LSC is crucial in reducing reabsorption. Organic solar concentrators that use diluted organic chromophores in inert host matrices are lagging behind their inorganic counterparts due to their small Stokes shifts. 3 A key advantage of organic chromophores over inorganic materials is their solubility in inexpensive host matrices or waveguides, such as poly(methyl methacrylate) (PMMA) or glass, without any complicated processing and the ability to fine tune their properties by simple molecular engineering approaches. This is particularly important for thin-film LSCs where the concentration required to achieve total light absorption over the wavelength range of the chromophore can be high (Fig. 1) .
Modification of dyes to achieve a large Stokes shift has achieved only limited success for LSC applications. In some cases, increasing the Stokes shift of the dye has led to a decreased quantum yield and there often remains the long tail absorption of the dye. 4 Energy transfer can also be an effective strategy to induce an apparently large Stokes shift. A number of energy transfer strategies, however, have previously been used to increase the absorption range of LSCs. 10 but at the cost of absorption mismatch between the absorption maximum of the dye and peak photon flux of the solar spectrum. Ideal dyes for migration-trapping should not only be resistant to quenching at the high concentrations required for energy migration but should also have an absorption maximum at the peak solar flux. An elegant approach employed by Guttierez et al., circumvents this problem by using two downconverting conjugated polymers that harvest light at the peak solar flux, yielding effective energy transfer through Förster and electron exchange mechanisms 11 but requires the use of an expensive high refractive index waveguide to match the refractive index of the polymer thin film, which is similar to previous reports on thermally evaporated thin films of molecular materials. 10, 13 Studies on the energy migration approach using molecular materials in luminescent solar concentrators embodying the migrationtrapping approach and harvesting the peak flux region of the solar spectrum would be of interest.
Perylene diimides have properties that could make them ideal dyes for organic solar concentrators, in some cases they have high fluorescence quantum yields, excellent spectral matching with the peak photon flux of the solar spectrum, and good photostability. 14 Their use in organic solar concentrators is, however, limited by their small Stokes shift, which leads to significant reabsorption. In addition, perylene diimides are also known to form aggregates at high concentrations, which leads to substantial quenching of fluorescence and therefore has significant implications for thin-film organic solar concentrators. 15 Formation of H-aggregates or excited state aggregates are detrimental to the fluorescence efficiency of perylene diimides. 16 We suggest that perylene diimides can be used as light-harvesting donors in the migration-trapping strategy for organic solar concentrators with proper design of bulky substituents to reduce concentration quenching. The small Stokes shift and high quantum yields of perylene diimides are ideal photophysical properties for efficient energy migration according to the Förster dipoledipole theory for energy transfer. 17 Perylene diimides are known to form quenching excimers that can quench excited states. 15 Energy trapping to excimers can compete with energy trapping to the desired emissive acceptors 18 leading to a significant decrease in the overall fluorescence efficiency of the system. Here, we describe a strategy to achieve efficient energy migration using perylene diimides with rigid bulky substituents to suppress aggregation, as light harvesting donors to bay-substituted tetraphenoxyperylene diimides, Lumogen® F Red 305 (also known as perylene red, herein abbreviated as LR305), acceptors. By developing the energy migration strategy with this modified perylene diimide donor-acceptor pair, we demonstrate for the first time in a simple two-dye system that a significant reduction in reabsorption can be achieved without sacrificing overall light absorption for state-of-the-art organic dyes for LSCs
There are several strategies to increase the bulkiness of perylene diimides with bay substitution being most commonly used to avoid formation of quenching aggregates. 19 Bay substitutions of perylene diimides, however, can also induce a significant bathochromic shift in the absorption spectrum. For the energy migration strategy to be effective, adequate separation between the absorption of the perylene diimide donor and the emission of LR305 is necessary to avoid reabsorption, which eliminates bay substitution with heteroatom substituents such as the aryloxy group (present in LR305) as a viable strategy. Alternatively, molecular insulation 20 can be introduced on the imide region where electronic effects introduced by bulky substituents are negligible. 21 The crystal structure of 1 (Fig. 2b) shows that the di-tert-butyl phenyl groups form a dihedral angle of 85° relative to the perylene plane and extending over the core, which served to prevent the close approach of other perylene molecules in the solid-state. The absorption spectrum of 1 is similar to the absorption spectrum of other perylene diimides indicating that this substitution strategy does not perturb the electronic properties of the perylene diimide that could lead to undesired bathochromic shifts (Fig. 2c) . Förster-mediated energy migration. The dynamic fluorescence anisotropy r(t) is defined by Eq.
1.
(
where G is a correction factor accounting for the polarization bias of the detection system, and I|| (t) and I⊥(t) are the time-dependent fluorescence intensities measured through an emission polarization analyzer oriented parallel and perpendicular to the polarization of the excitation laser pulses respectively. Energy migration in disordered media can be described by a Green's function, G s (t), which is essentially a survival probability of an excitation over time 17 .
Gochanour et al. developed a theoretical treatment of energy migration using an infinite order diagrammatic series expansion of the Green's function (colloquially called GAF theory). 17 
where r0 is the initial anisotropy, r∞ is the residual anisotropy, CD is the dimensionless donor concentration,  is a scaling factor which has a value of 2 for energy migration, (1/2) is the incomplete gamma function (π),  is the donor fluorescence lifetime (2.8  0.4 ns for 1 across the entire concentration range for the anisotropy measurement),  is a correction factor for static averaging of the orientation factor (0.845), R0 is the critical Förster radius for energy migration, and  is the dimensionless chromophore density. This condition can be attained at concentrations where LD exceeds the average donor interchromophore separation R. It is shown in Fig. 3c that only at concentrations exceeding 4 mM is LD is well above parity with R. At 58 mM, the calculated LD is 230  10 Å, which is significantly higher than R (30 Å) and longer than the LD of simple perylene diimides. 18, 26 The long LD stems from the long fluorescence lifetime of 1 comparable to that in dilute films even at high concentrations such as 58 mM (2.8  0.3 ns), which is unattainable with conventional chromophores used in organic solar concentrators due to the effect of concentration quenching.
In comparison, we observed concentration quenching of LR305 in PMMA at 10 mM (Supplementary Table 1 ) and a much lower quantum yield at 100 mM compared to previous reports. 27 Fig . 3d shows the fluorescence spectrum of a mixture of 1 and LR305 in PMMA. The donor fluorescence is mostly quenched by LR305 at 15.5 mM, which gives F of 82.0  0.1% upon excitation of the donor. It was noted that only about half of the concentration of LR305 is needed to quench the emission of the donor in our case compared to the perylene orange donor studied previously. Incident photon conversion efficiency (IPCE) of the organic solar concentrator with 1 and LR305 shows that there is no contribution by scattering indicating that the current observed is solely due to trapped emission (Fig. 4e) . Comparison between the excitation distance dependence of single wavelength IPCE ( Fig. 4f and 4g ) of the high absorbing LR305 sample and the energy transfer organic solar concentrator shows that the critical distance (i.e. the distance at which the IPCE drops to half) for the energy transfer LSC is significantly longer than the optically dense LR305 LSC concordant with the observed low reabsorption loss in the simulation. Taken all together, the improved performance of the energy transfer LSC compared to the optically dense LSC confirms that it is possible to achieve high light absorption without compromising luminescence reabsorption in contrast to conventional single dye organic solar concentrators. As the energy transfer LSC described here represents the lowest limit of the possible efficiencies of the device, the energy transfer LSC can still be optimized by reducing the thickness of the film to further minimize reabsorption. A thinner film will lead to smaller absorption of the LR305 in the energy transfer film without significant decrease in the overall light absorption of the LSC due to the very high donor concentration in the film. In summary, we have demonstrated an organic solar concentrator that has low reabsorption loss by taking advantage of energy migration in highly concentrated films, which show reabsorption reduction on par with state-of-the-art organic solar concentrator devices 12 and consistent with the proposed strategy by Olson et al. 9 Molecular insulation of highly fluorescent chromophores enables a high chromophore density in PMMA necessary for diffusive energy migration previously not possible with conventional dyes used in organic solar concentrators.
Energy migration dynamics of 1 in PMMA was characterized and was found to have an LD significantly higher than any chromophores used in LSCs, which is key in achieving efficient energy migration to traps. Fabricated organic solar concentrator devices using the energy transfer approach show reduced reabsorption by keeping the absorption contribution of the acceptor at a minimum while retaining efficient trapping and re-emission of the absorbed light energy.
Compared to the system that we described previously, 12 there was no mismatch between the absorption maximum of the organic solar concentrator and the solar peak flux. The results presented here provide strong experimental evidence for the optical efficiency enhancement possible with the energy migration and trapping strategy in LSCs. Further improvements can be achieved by increasing the molecular insulation of 1 such that even higher concentrations in PMMA might be reached without resulting in any fluorescence quantum yield loss, maintaining diffusive transport, and further reducing the absorption contribution of the acceptor, which is the current limitation of the energy transfer system described here. Alternatively, optimizing energy migration through vectorial transport (e.g. using organized dye arrays and polymers) rather than random diffusion can also reduce the amount of acceptor required by reducing the average energy migration path length from donor to trap. Nevertheless, the energy migration-trapping 
